Cellular activation of latent matrix metalloproteinase-2 (proMMP-2) requires formation of a cell membrane-associated activation complex that involves specific binding between the hemopexin domain of proMMP-2 (PEX) and the C-terminal domain of tissue inhibitor of matrix metalloproteinases-2 (C-TIMP-2). In this study, we tested the feasibility of inhibiting activation of proMMP-2 by exogenous inhibitors, which block the binding between PEX and TIMP-2. The recombinant C-TIMP-2 and synthetic peptides from C-TIMP-2 were used as inhibitors for proMMP-2 activation. Recombinant C-TIMP-2 bound specifically to both the catalytically inactive MMP-2 E404A and the C-terminal domain of MMP-2 (PEX) in a concentration dependent manner with apparent K d of 3.9 × 10 −7 M and 1.7 × 10 −7 M, respectively. Moreover, C-TIMP-2 competed the binding between MMP-2 E404A and full-length TIMP-2. Finally, activity assays showed that addition of C-TIMP-2 to HT-1080 fibrosarcoma cells inhibited proMMP-2 activation in a concentration-dependent manner. We then designed a synthetic peptide, P175L, consisting of 20 residues from the PEX-binding tail region of C-TIMP-2. P175L bound PEX and inhibited cell membrane-mediated activation of proMMP-2 in a concentration dependent manner. Deletion of the last 9 tail residues of C-TIMP-2 in P175L abrogated the inhibitory activities of the peptide showing that these residues were essential for function. Overall, these experiments have demonstrated that proMMP-2 activation can be inhibited by exogenous inhibitors which points to a potential strategy for MMP-2 specific inhibition.
Introduction
The matrix metalloproteinase family of endopeptidases (MMPs) can cleave macromolecules of the extracellular matrix and also regulates biological activities by processing and shedding bioactive molecules (Butler and Overall, 2009) . In addition to their roles in normal tissue remodeling, elevated MMP activities and excessive tissue destruction have been associated with such pathological processes as tumor expansion and metastasis (Rosenthal and Matrisian, 2006) , chronic inflammatory conditions (Giannobile, 2008) and periodontal disease (Sorsa et al., 2006) , and abnormal wound healing in diabetes (Armstrong and Jude, 2002; Stanley et al., 2008) . In an effort to inhibit MMPs in these diseases, significant effort has been devoted to develop MMP inhibitors, resulting primarily in inhibitors that were designed to mimic substrate cleavage sites and to chelate the MMP active site zinc ion. Although these compounds had good inhibitors properties, they were also characterized by low specificities due to the structural similarities in the active sites across the MMPs leading to extensive side effects in clinical trials (Brown, 1998) . Consequently, investigators are seeking novel design approaches to enhance the specificities of MMP inhibitors by targeting exodomains of MMPs (Overall and Lopez-Otin, 2002) . TIMPs are family of endogenous MMP inhibitors with at least four members, TIMP-1, −2, −3, and −4 (Gomez et al., 1997) . All TIMPs share common structural features including an ~125 amino acid N-terminal domain and a smaller ~65-residue C-terminal domain, that are both stabilized by three disulfide bonds (Williamson et al., 1990) . The N-terminal domain has inhibitory activities by binding the active sites of MMPs (Murphy et al., 1991) . The C-terminal regions are divergent, which may enhance the selectivity of inhibition and binding efficiencies (Willenbrock et al., 1993) .
MMPs are synthesized in latent form (proMMPs) and proteolytic removal of the prodomain is required for enzyme activation. However, MMP-2 is unique among the 25 MMPs in that it is subject to cell-mediated activation by a pathway involving the tissue inhibitor of matrix metalloproteinases-2 (TIMP-2) (Murphy et al., 1999; Strongin et al., 1993; Strongin et al., 1995) . During the activation, membrane type 1-MMP (MT1-MMP) and TIMP-2 form a binary complex on cell surfaces, which in turn binds MMP-2 via the carboxyl-terminal hemopexin-like domain (PEX). After formation of this tri-molecular complex, a free MT1-MMP cleaves the pro-domain of proMMP-2 to activate the enzyme (Strongin et al., 1995) . The fact that this mode of cell-mediated activation is unique to MMP-2 and that the interactions between the carboxyl-terminal domains of TIMP-2 (C-TIMP-2) and the PEX are critical for activation of proMMP-2 (Worley et al., 2003) suggest that these interactions provide a promising target for highly specific inhibition of MMP-2.
Structural studies of proMMP-2 in complex with TIMP-2 mapped how the two proteins interact via their C-terminal domains (Morgunova et al., 2002) (Fig 1D) . Substitution of putative binding residues by alanine-scanning mutagenesis identified cationic, but noncontiguous residues at the junction of modules III and IV of PEX that were critical for binding of TIMP-2 (Overall et al., 1999) . Reduction of the disulfide bridges and fragmentation of PEX by CNBr resulted in loss of binding to TIMP-2 implying that the tertiary structure of PEX likewise is important (Strongin et al., 1993) . In comparison, the PEX binding on TIMP-2 involves a contiguous 10 amino acid C-terminal tail sequence, which is critical for the MMP-2 activation (Butler et al., 1998; Worley et al., 2003) .
Prior studies have shown that low concentrations of exogenous of TIMP-2 stimulated activation of proMMP-2, whereas high concentrations of exogenous TIMP-2 inhibited activation of proMMP-2 (Overall et al., 2000; Strongin et al., 1993) . It was also found that a recombinant C-TIMP-2 -myoglobin fusion protein could inhibit activation of proMMP-2 in fibroblast cells (Kai et al., 2002) . Our present experiments confirmed those observations and tested the hypothesis that synthetic peptides derived from the tail of C-TIMP-2 could block cellular activation of MMP-2 by competing the binding between TIMP-2 and proMMP-2 based on the apparent importance of the contiguous tail residues of the C-TIMP-2 for proMMP-2 activation. The results of our experiments demonstrated that recombinant C-TIMP-2 bound specifically to PEX, competed interactions of PEX with C-TIMP-2, and inhibited cellular activation of MMP-2. Moreover, a 20-amino acid linear synthetic peptide from the tail of TIMP-2 bound specifically to PEX and inhibited MMP-2 activation by a mechanism requiring the last 9 residues of C-TIMP-2 that are critical for the interactions between TIMP-2 and PEX of MMP-2.
Results

Recombinant C-terminal domain of TIMP-2 (C-TIMP-2) interacts with PEX of MMP-2
The expressed and purified recombinant MMP-2ΔPEX E404A , PEX, TIMP-2 and C-TIMP-2 had the predicted masses and identities as verified by SDS-PAGE and MALDI-TOF mass spectrometry (Fig. 1A) . Complementing results from prior yeast two-hybrid analysis (Overall et al., 2000) , that pointed to interactions of the C-terminal domain of TIMP-2 with PEX of proMMP-2, we here confirmed that recombinant C-TIMP-2 binds both MMP-2 and the PEX domain of MMP-2 in vitro. The binding occurred in a concentration dependent manner with apparent K d s of 3.9 × 10 −7 M and 1.7 × 10 −7 M for MMP-2 E404A and PEX, respectively (Fig. 1B) . These affinities are consistent with those reported for binding between PEX and full-length TIMP-2 supporting the functional role of C-TIMP-2 in this interaction (Bigg et al., 1997; Olson et al., 1997) . Importantly, C-TIMP-2 did not bind MMP-2ΔPEX E404A demonstrating that the PEX domain is responsible for the interaction with the C-terminal domain of TIMP-2.
C-TIMP-2 inhibits cell surface activation of proMMP-2
Addition of exogenous full length TIMP-2 can inhibit activation of proMMP-2 by a mechanism that has been proposed to involve competition of the binding between TIMP-2 and proMMP-2 in the activation complex (Strongin et al., 1995) . However, TIMP-2 also can block activation of proMMP-2 by inhibiting the activity of MT1-MMP through interaction of the active site of the enzyme with the N-terminus of TIMP-2 (Butler et al., 1998) . In the present studies, we analyzed the effects of isolated carboxyl-terminal domain of TIMP-2 (C-TIMP-2) in proMMP-2 activation assays. By this approach, we were able to exclude the effects of interactions between the N-terminal domain of TIMP-2 and MT1-MMP and to specifically test the role of C-TIMP-2 on the cellular activation of proMMP-2. To measure the effects of C-TIMP-2, we used HT1080 fibrosarcoma cells stimulated with Con A, which induces cell surface activation of proMMP-2 (Overall et al., 2000) . The C-TIMP-2 inhibited activation of proMMP-2 as reflected by reduced conversion of latent to active MMP-2 in conditioned media ( Fig. 2A) . When quantified by densitometric analysis of the proMMP-2 band intensities on the zymography gels, the inhibitory effects of C-TIMP-2 on proMMP-2 activation were concentration dependent. At 7 μM C-TIMP-2, there was a 4-fold reduction in activation of proMMP-2 (Fig. 2B) . We confirmed these results with rat osteosarcoma cells (ROS) and human head and neck squamous cell carcinoma cells (SCC-25) (not shown). It should be noted that the intensity of proMMP-2 in the conditioned medium without Con A was 39,162 RDU (Fig 2A, Lane 0 nM, Con A −). In the presence of Con A, the intensity of activated MMP-2 was 34,199 RDU and non-activated MMP-2 was 3,439 RDU (Fig 2A, Lane 0 nM, Con A +). The fact that >90% proMMP-2 could be activated by Con A confirmed that Con A is a very strong activator of proMMP-2 in cell culture. C-TIMP-2 at 7 μM inhibited about one third of the activation of proMMP-2 (13,289 RDU) (Fig 2A and B , lane 7000 nM, Con A +) under this experimental condition. However, this inhibitory efficiency of C-TIMP-2 on proMMP-2 activation may not reflect the inhibitory capacity of C-TIMP-2 under physiologic conditions.
To further control the experimental conditions and reduce the variability inherent to cell culture experiments, we isolated HT1080 cell membranes as proMMP-2 activator. Preliminary experiments verified that the membrane preparations containing 1 μg total protein had enough proMMP-2 activator to effectively activate exogenous purified proMMP-2 as detected by zymography (not shown). Of note, at this amount, no membranebound MMP-2 was detectable. To confirm the inhibitory effects of C-TIMP-2 on cell membrane-mediated activation of proMMP-2, we incubated proMMP-2 with HT1080 membranes in the presence of a concentration range of C-TIMP-2. Zymography assays confirmed that the C-TIMP-2 inhibited activation of proMMP-2 in a concentration dependent manner in the cell-free system (Fig. 2C, D) . With increasing concentrations of C-TIMP-2, we detected more latent MMP-2 and less intermediate activated MMP-2 suggesting that C-TIMP-2 inhibited the initial cleavage of proMMP-2. In contrast to the effects observed in Con A stimulated cell cultures, C-TIMP-2 at 7 μM inhibited almost all cell membrane induced proMMP-2 activation reflected by the intensity of the proMMP-2 band in the presence of C-TIMP-2 of 33,850 RDU ( Fig 2C, lane 7000 nM, HT1080 membrane +) and the intensity of proMMP-2 without cell membrane activator (30715 RDU) (Fig 2C, lane 0 nM, HT1080 membrane −). Together, these results showed that interactions between PEX and the C-terminal domain of TIMP-2 in the cellular activation complex are essential for activation of proMMP-2, but not likely involving any signal transduction.
C-TIMP-2 competes the binding between TIMP-2 and MMP-2 E404A
Having demonstrated that the C-TIMP-2 binds specifically to PEX of MMP-2 and inhibits the cellular activation of proMMP-2, we investigated the capacity of C-TIMP-2 to disrupt the interactions between MMP-2 E404A and TIMP-2 in competitive protein-protein binding assays. In these experiments, C-TIMP-2 inhibited the binding of recombinant MMP-2 E404A to TIMP-2 in a concentration-dependent manner (Fig. 3A) , with a 50% of maximum inhibition being reached with 5 μM C-TIMP-2. The observation that C-TIMP-2 did not completely inhibit the binding between MMP-2 E404A and TIMP-2 might be explained by the additional interactions between the catalytic domain of MMP-2 and the N-terminus of TIMP-2 (Howard and Banda, 1991) . To test this possibility, we used isolated PEX domain of MMP-2 in competitive binding assays since PEX does not bind the N-terminus of TIMP-2. In those experiments, a concentration of 5 μM C-TIMP-2 inhibited the binding between PEX and TIMP-2 by ~90% (Fig. 3B ). We concluded from these results that the Cterminal domain of TIMP-2 can compete the interactions of proMMP-2 and TIMP-2 and, in turn, inhibit formation of the MT1-MMP/TIMP-2/ProMMP-2 activation complex.
PEX binds C-terminal tail peptide of TIMP-2 (P175L)
Subsequent experiments explored the potential for identifying a peptide with the capacity to inhibit activation of proMMP-2. For this purpose, we designed and synthesized two TIMP-2-derived peptides based on the reported crystal structure of proMMP-2 in complex with TIMP-2 (Morgunova et al., 2002) and results from site-specific mutagenesis and deletion of putative binding site residues on TIMP-2 (Worley et al., 2003) (Fig 1D) .
Although these studies predicted that the last 10-amino acid residues in the C-terminal tail of TIMP-2 were critical for PEX binding (Worley et al., 2003) , neither a synthetic TIMP-2 tail peptide containing the last 13-residues nor additional peptides designed by others bound PEX or inhibited activation of proMMP-2 (Overall et al., 2000) . To address these challenges, we synthesized a 20-residue C-TIMP-2 tail peptide corresponding to residues 175-194 (P175L) . A shorter 11-residue control peptide, P175S, consisted C-TIMP-2 residues 175-185 also present in P175L, but lacked the last 9 C-terminal residues of TIMP-2 (See also Discussion). This experimental design enabled us to extend the analyses of the structurally identified TIMP-2 binding motif and to test the functional requirement for the last 9-residues of TIMP-2 on the binding between TIMP-2 and proMMP-2 (Worley et al., 2003) .
In surface plasmon resonance assays, PEX (10 μM) interacted specifically with the immobilized P175L and P175S C-TIMP-2 peptides (Fig. 4A) . However, the interaction of PEX with P175L (579 RU) was about six fold higher than that of P175S (97 RUs). To confirm the specificity of the interactions between PEX and the TIMP-2 tail peptides, 10 μM recombinant collagen binding domain of MMP-2 (CBD) flowed over the same chips did not bind P175L or P175S peptides (Fig. 4B) . In further experiments to characterize the interactions between PEX and the peptides, we used a range of concentrations of PEX and found that the binding between PEX and TIMP-2 peptide P175L was concentrationdependent with an apparent K d of 1.6 × 10 −6 M (Fig. 4C, D) . The binding of PEX to P175S was consistently very weak. Overall, these binding assays demonstrated that P175L had sufficient length to cover the TIMP-2 binding site for PEX and confirmed previous reports indicating that the last 10 residues in the tail region of TIMP-2 are essential for the interactions (Worley et al., 2003) .
P175L but not P175S inhibits activation of proMMP-2
Having established that peptide P175L bound specifically to PEX, we measured whether this synthetic peptide could inhibit membrane-mediated activation of proMMP-2. When purified proMMP-2 was incubated with HT1080 membranes in the presence of a concentration range of P175L or P175S, P175L inhibited the activation of proMMP-2 in a concentration dependent manner (Fig. 5A, B) . Thus, the amount of proMMP-2 was increased with increasing concentrations of P175L. In contrast, P175S, which bound very weakly to PEX, did not have any inhibitory effect on the cell membrane-mediated activation of proMMP-2.
Together, these experiments demonstrated clearly that isolated C-TIMP-2 as well as a synthetic binding site peptide from the tail of C-TIMP-2 can inhibit activation of proMMP-2.
Discussion
The N-terminal domain of TIMP-2 binds the catalytic site of MMP-2 to inhibit the activity of the enzyme, whereas the C-terminal domain of TIMP-2 binds the PEX domain of MMP-2 in the cellular activation complex (Howard and Banda, 1991) . When TIMP-2 is bound to the PEX domain of MMP-2, the N-domain of TIMP-2 is oriented away from the MMP-2 active site (Morgunova et al., 2002) . One molecule of TIMP-2 can not bind the catalytic site and the PEX domain of MMP-2 concurrently. TIMP-2 at higher concentrations inhibits activation of proMMP-2 (Strongin et al., 1993; Strongin et al., 1995) by two possible mechanisms: a). The N-terminal domain of TIMP-2 may bind directly to MT1-MMP and thereby inhibit the cleavage of the prodomain of proMMP-2 (Butler et al., 1998) or b) Excess of TIMP-2 occupies the binding site on PEX of free proMMP-2 and may thereby prevent the integration of proMMP-2 into the activation complex (Strongin et al., 1993) . In fact, both isolated N-terminal domain of TIMP-2 and C-terminal domain of TIMP-2 inhibited proMMP-2 activation in cells (Kai et al., 2002; Butler et al., 1998) . Our present results support the concept of two binding sites since C-TIMP-2 could bind specifically to PEX domain of MMP-2 (Fig. 1B) and fully compete the binding between PEX and TIMP-2, but not between MMP-2 E404A and TIMP-2 (Fig. 3) . This result indicated that our subsequent analyses of C-TIMP-2 effects on proMMP-2 activation were not confounded by possible effects of the N-terminal domain of TIMP-2. Complementing the observation that a C-TIMP-2 fusion protein at 4.5 μM could inhibit proMMP-2 activation in cells (Kai et al., 2002) , we found that the inhibitory effects of C-TIMP-2 were concentration-dependent and inhibition of activation was observed at concentrations as low as 259 nM. Our study is consistent with results by others who found that full-length TIMP-2 inhibited activation of proMMP-2 at concentrations greater than 285 nM (Strongin et al., 1995) . To extend previous kinetic analysis of the inhibition of MMP-2 by TIMP-2, which analyzed the interaction between C-TIMP-2 and PEX (Willenbrock et al., 1993; Overall et al., 2000) , we found in protein -protein binding assays that C-TIMP-2 bound the PEX domain of MMP-2 with an apparent K d of 1.7 × 10 −7 M (Fig. 1B) . This value is close to the reported K d app for the interactions between full-length TIMP-2 and PEX of 0.6 -0.7 × 10 −7 M (Bigg et al., 1997; Olson et al., 1997) . Taken together, these analyses verified first that the interactions between the C-terminal domain of TIMP-2 and the PEX domain of proMMP-2 are important for activation of proMMP-2 and, secondly, demonstrated that successfully competing the binding between PEX and the C-terminal domain of TIMP-2 inhibited the activation of proMMP-2
In our quest to design peptide inhibitors of proMMP-2 activation, we reviewed available binding site information from studies of interactions between PEX and TIMP-2 (Fig 1D) . The residues 568-631 on modules III and IV of PEX were previously found to be important for the binding to TIMP-2 in domain replacement (Butler et al., 1998) , and results from subsequent single, double, and triple mutations of putative binding site residues pointed to TIMP-2 binding among several clusters of cationic residues in modules III and IV (Overall et al., 1999) . The observations that non-contiguous positively charged residues on PEX were important for TIMP-2 binding, and that disruption of the tertiary structure of PEX by reduction of the disulfide bridges abrogated its capacity to inhibit proMMP-2 activation (Strongin et al., 1993) indicated that PEX did not contain a linear binding site motifs for TIMP-2 that could be mimicked in a synthetic peptide inhibitor. Indeed, several peptides derived from PEX synthesized by others did not inhibit proMMP-2 activation (Strongin et al., 1993) . Therefore, we focused our efforts on TIMP-2 as a source of inhibitory peptides.
Crystal structure analysis of TIMP-2 in complex with MMP-2 identified a motif in the Cterminal tail of TIMP-2 that extended into a pocket-like structure on the surface of PEX (Morgunova et al., 2002) . Moreover, it was shown that the TIMP-2 tail residues 187 EFLDIEDP 194 are essential for formation of a stable activation complex and that TIMP-2 without this tail did not support proMMP-2 activation (Worley et al., 2003) . The observation that the acidic residues Glu 192 and Asp 193 in this tail segment are required for stability of the activation complex and activation of proMMP-2 (Kai et al., 2002; Worley et al., 2003) lent further support to continued analysis of inhibitory peptides from the tail region of TIMP-2.
Taking into consideration results from the above studies and the observation that a synthetic peptide containing only the last 13 residues of the TIMP-2 tail did not bind PEX in plate binding assays and that antibodies to this peptide region did not block the PEX -TIMP-2 interactions (Overall et al., 2000) , we proceeded to design and test a 20 amino acid long synthetic peptide containing residues C 175 -P 194 (P175L) and a shorter 11 amino acid control peptide (P175S, C 175 -K 185 ). Analyses of these TIMP-2 tail derived synthetic peptides by SPR yielded results that were consistent with those from studies of truncated TIMP-2 (Worley et al., 2003) . Specifically, P175L bound recombinant PEX in a concentration dependent manner and six fold stronger than peptide P175S (Fig. 4) . The results match previous study that TIMP-2 with deleted residues 186-194 interact 5-7 fold slower with MMP-2 (Butler et al., 1998) . In our proMMP-2 activation assays, P175L inhibited cell membrane-mediated activation of proMMP-2 whereas P175S had no such effect (Fig. 5) . The fact that neither our 11-residue P175S nor a 13-residue TIMP-2 tail peptide (Overall et al., 2000) inhibited activation of proMMP-2 indicates that the N-terminal 7 residues as well as C-terminal 9 residues of P175L are critical for the binding between TIMP-2 and PEX of MMP-2 in the activation complex. Therefore we identified a specific peptide which inhibits cell membrane mediated activation of proMMP-2.
Augmenting its role in MMP inhibition, TIMP-2 has activities on cell growth promotion and inhibition, apoptosis, and inhibition of angiogenesis (Lambert et al., 2004) . Those activities occur independently of MMP inhibition since reductively alkylated TIMP-2, devoid of MMP inhibitory activities, promotes cell growth (Hayakawa et al., 1994) . The C-terminal domain of TIMP-2 expressed and purified with a yeast expression system reduces angiogenesis by inhibiting the proliferation of capillary endothelial cells (Fernandez et al., 2003) . Further mapping of anti-angiogenic activities found that a 24-amino acid peptide corresponding to loop 6 of TIMP-2 is a potent inhibitor of angiogenesis (Fernandez et al., 2003) . This region includes Met 149 which is involved in forming the contact interface in the TIMP-2 and MMP-2 complex. It is noteworthy that a 19-amino acid tail peptide, which is only one residual shorter than P175L, had no anti-angiogenic activities (Fernandez et al., 2003) . Thus, inhibition of angiogenesis and activation of proMMP-2 rely on different C-TIMP-2 motifs.
The successful use of peptides in phamocotherapy for inhibition of coagulation factors Via, IXa and Xa (Dennis et al., 2000; Izaguirre et al., 2009; Roberge et al., 2001) , vasopressin (Manning et al., 2008) , and caspase (Scheer et al., 2006) In summary, our experiments verified the critical contributions of the TIMP-2 tail residues to activation of proMMP-2 as was predicted in structural studies (Morgunova et al., 2002) . Furthermore, the observation that a TIMP-2 tail derived synthetic peptide inhibited activation of proMMP2 by interrupting the binding between proMMP-2 and TIMP-2 confirmed the potential for designing a specific competitive peptide inhibitor of MMP-2 that act by inhibiting the activation of the enzyme.
Experimental procedures
Expression and purification of recombinant proteins
Recombinant human MMP-2 E404A and collagen binding domain from MMP-2 (CBD) were expressed in E. coli and purified as described previously (Steffensen et al., 1995; Xu et al., 2004; Xu et al., 2007) . The MMP-2 E404A variant of MMP-2 has intact ligand binding properties, but no catalytic activities due to the active site Glu404Ala substitution (Morgunova et al., 2002) . In addition, we here engineered new expression constructs for the hemopexin-like domain of MMP-2 (PEX), MMP-2 E404A with deletion of PEX (MMP-2ΔPEX E404A ), full-length TIMP-2 and the carboxyl-terminal domain of TIMP-2 (C-TIMP-2). All proteins were expressed with a His 6 tag for affinity purification.
For the 42.4 kDa MMP-2 E404A ΔPEX, the coding region was amplified by PCR (forward primer, 5′-ccgctcgagTACAACTTCTTCCCTCGCAAG′3′; reverse primer, 5′-cggaattcTCACCCATAGAGCTCCTGAATGC-3′) from the pMMP-2 E404A template (Xu et al., 2005a) . Primers added the XhoI and EcoRI restriction sites (lower case) for directional cloning into the pRSETA expression vector (Invitrogen, San Diego, CA) as well as a stop codon. To obtain the 26.1 kDa PEX domain of MMP-2, we amplified the coding sequence from plasmid p186.2 (Collier et al., 1988) with forward primer, 5′-ctagctagcGGGGCCTCTCCTGACATTG-3′, and reverse primer, 5′-gggaagcttTCAGCAGCCTAGCCAGTCG-3′, and ligated the amplicon into NheI and HindIII restriction sites of the pGYMX expression vector (Steffensen et al., 1995) . The coding sequences for the 26.3 kDa TIMP-2 and the 12.2 C-TIMP-2 were amplified from plasmid pGWIGH/htimp-2 (gift from Dr. Overall, University of British Columbia, Vancouver, Canada) using forward primer, 5′-ccgctcgagTGCAGCTGCTCCCCGGTG-3′, and reverse primer, 5′-cggaattcTTATGGGTCCTCGATGTCG-3′, for TIMP-2, and forward primer, 5′-ccgctcgagTGCAAGATCACGCGCTGC-3′, and reverse primer, 5′-cggaattcTTATGGGTCCTCGATGTCG-3′, for C-TIMP-2. Both amplicons were ligated into PRSETA using XhoI and EcoRI sites. All expression constructs were confirmed by doublestranded DNA sequencing at the Nucleic Acids Core Facility at the University of Texas Health Science Center at San Antonio (UTHSCSA).
The recombinant MMP-2ΔPEX E404A , PEX, TIMP-2 and C-TIMP-2 were expressed in E. coli BL21(DE3) as inclusion bodies. Proteins were solubilized with 8 M urea, 50 mM NaH 2 PO 4 , 300 mM NaCl, pH 8.0 and purified by Ni 2+ -affinity chromatography under denaturing conditions. Purified proteins were refolded by dialysis against phosphate buffered saline (PBS, 137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , pH 7.4) as detailed previously (Xu et al., 2004; Xu et al., 2005a; Xu et al., 2005b) . The identities and masses of the recombinant proteins were verified by their predicted migration using SDS-PAGE and matrix-assisted laser desorption/ionization mass spectrometry (MALDI MS) at the UTHSCSA Institutional Mass Spectrometry Laboratory. All recombinant proteins were stored at −80°C until analysis.
Synthetic peptides
Two C-TIMP-2 tail peptides were synthesized (GenScript Corporation, Scotch plains, NJ). The 20 amino acid peptide P175L with the CAWYRGAAPPKQEFLDIEDP sequence corresponded to TIMP-2 tail residues 175-194. Peptide P175S corresponded to the 11 Nterminal residues of P175L and TIMP-2 residues 175-185 (CAWYRGAAPPK). Additional design rationale is presented in the Results section. No modifications were made at the Nand C-termini of the synthetic peptides. The synthetic peptides were in monomeric form as verified by MALDI-TOF under reducing and non-reducing conditions.
Protein-protein binding assays
To measure interactions of C-TIMP-2 with several proteins, 96-microwell plates were coated with recombinant MMP-2 E404A , MMP-2ΔPEX E404A , PEX, or BSA as negative control at 0.5 μg/well in 0.1 M NaHCO 3 /Na 2 CO 3 , pH 9.6, overnight at 4 °C. Nonspecific binding sites were blocked with BSA (2.5%) for 1 h at 22 °C. The C-TIMP-2 was biotinylated and then equilibrated against 50 mM Tris, 150 mM NaCl, pH7.4 to remove residual biotin (Xu et al., 2005a) . A concentration range (78 -1250 nM, and 0 nM) of biotinylated C-TIMP-2 was then reacted with the immobilized recombinant proteins or BSA for 1 h at 22 °C. After extensive rinses with 50 mM Tris, 150 mM NaCl, pH7.4/0.5% (v/v) Tween 20, bound C-TIMP-2 was detected with 1:10,000 diluted alkaline phosphataseconjugated streptavidin (Pierce, Rockford, IL) and 1 mg/mL p-nitrophenyl phosphate disodium substrate (PNPP) (Sigma, St. Louis, MO), and quantified at 405 nm in an Opsys MR plate reader (Dynex, Chantilly, VA). All experiments were performed in duplicate and repeated at least twice. Apparent K d values were calculated as previously (Steffensen et al., 2002) Competitive protein binding experiments tested the capacity of C-TIMP-2 to compete interactions of biotinylated MMP-2 E404A or biotinylated PEX with coated full-length TIMP-2. Control experiments showed that unlabeled and labeled proteins had similar binding to coated ligands when bound proteins were detected using specific antibodies or AP-conjugated streptavidin. After coating plates with 0.5 μg/well TIMP-2, biotinylated proteins at concentrations yielding 50% of maximum binding, 50 nM for MMP-2 E404A and 150 nM for PEX, were added to the coated wells alone (control) or simultaneously with a concentration range of competing C-TIMP-2 (10 -5000 nM). The binding of the biotinylated proteins to TIMP-2 in the presence of C-TIMP-2 was measured with alkaline phosphatase-conjugated streptavidin and PNPP as described above and expressed as a function of the concentration of the competing C-TIMP-2. All experiments were performed in duplicate, and repeated at least twice.
Surface Plasmon resonance assays
Surface plasmon resonance (SPR) analyses of peptide-protein interactions were carried out at UTHSCSA Center for Surface Plasmon Resonance using a Biacore 3000 SPR instrument with CM5 sensor chips (GE Healthcare, Piscataway, NJ). The surfaces of the flow cells were immobilized with P175L or P175S. One uncoated reference cell served to adjust for nonspecific binding. CM5 chips were activated by injection of 15 μl 0.2 M N-ethyl-N9-(dimethylaminopropyl) carbodiimide and 0.05 M N-hydroxy-succinimide for 6 min. Then the surfaces were modified by 2 -(2-pyridinyldithio) ethaneamine hydrochloride (PDEA Thiol Coupling Reagent, GE Healthcare). Peptides in acetate buffer, pH 4.0, were immobilized in the flow cells at 319 response units (RUs) for P175S and 327 RUs for P175L, followed by blocking with 30 μl cysteine (6 mg/ml). In peptide-protein binding assays, 30 μl recombinant PEX at concentrations from 0.3 -10 μM in Biacore buffer (10 mM HEPES, 150 mM NaCl, 0.005% surfactant P20, pH 7.4) were passed over the coated surfaces. Purified collagen binding domain (CBD) of MMP-2 served as negative control (Xu et al., 2004) . Interactions of proteins (analytes) with immobilized peptide ligand were expressed on RUs versus time sensorgrams. The surfaces were regenerated by injection of 6 M guanidine-HCl between analyses of peptide interactions with different proteins.
Inhibition of proMMP-2 activation by C-TIMP-2 in cell culture
Human fibrosarcoma HT1080 cells (ATCC, Rockville, Manasas, VA) were maintained in Dulbecco's Modified Eagle Media (DMEM, Gibco, Rockville, MA) supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin. To measure the capacity of C-TIMP-2 to inhibit cellular activation of proMMP-2, 5 × 10 3 cells/well were seeded in tissue culture-treated 96-microwell plates and incubated for 3 days in the tissue culture incubator (37 °C, 5% CO 2 ) to achieve confluence. Cells were rinsed with serum-free DMEM prior to addition of a concentration range of C-TIMP-2 (0.028 -7 μM, or 0 μM) in the presence of absence of 20 μg/ml concanavalin A (Con A) (Sigma, St. Louis, MO), which induces cellular activation of endogenous proMMP-2 (Overall et al., 2000) . Conditioned media from the treated cells were collected after 24 h incubation and analyzed for latent and activated MMP-2 by zymography (See below). The experiments were repeated at least 3 times in duplicate, but results were only compared for experiments on the same plate.
Inhibition of proMMP-2 activation by C-TIMP-2 and synthetic peptides using isolated cell membrane
Activation of proMMP-2 by isolated HT1080 cell membranes was analyzed using established procedures (Knauper and Murphy, 2001 ) with slight modifications. In brief, HT1080 cells were cultured to confluence in DMEM with 10% FBS. After washes with PBS, the cells were incubated for 6 h with serum-free DMEM containing 10 μg/ml Con A.
The cells were then scraped off the culture dishes mechanically into serum-free DMEM containing complete mini EDTA-free protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN) as recommended by the manufacturer. After sedimenting the cells at 2,500 × g for 5 min and washing two times with DMEM/protease inhibitor, cells were homogenized using a glass homogenizer in 20 mM Tris, pH 7.4, with protease inhibitors and passed through a 27G syringe needle 10 times. The homogenized cell suspensions were centrifuged at 28,000 × g for 10 min at 4 °C upon which the supernatant with the cell membrane fraction was further centrifuged at 100,000 × g for 90 min at 4 °C. The resulting cell membrane pellet was resuspended in 20 mM Tris, 10 mM CaCl 2 , 0.05% Brij35, pH 7.4, with protease inhibitor, quantified by the BCA assay (Pierce, Rockford, IL), and stored in 2 mg protein/ml aliquots at −80 °C until use.
In proMMP-2 activation assays, 50 pg proMMP-2 (Chemicon International Inc., Billerica, MA) and 0.5 μl of the HT1080 cell membrane preparation (1 μg) were incubated with concentration ranges of C-TIMP-2 (0.028 -7 μM, or 0 μM) or synthetic peptides P175L and P175S (3.7 -100 μM, or 0 μM) in 10 μl reactions of 20 mM Tris, 10 mM CaCl 2 , 0.05% Brij35, pH 7.4, containing complete mini EDTA-free protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN) for 16 h at 22 °C. The levels of latent and activated MMP-2 were analyzed by gelatin zymography (See below). The experiments were repeated at least 3 times, comparing only experiments on the same plates.
Zymography
The presence of latent and activated forms of MMP-2 in conditioned cell culture media and proMMP-2 cell membrane activation assays was analyzed by zymography using 8% SDS-PAGE minislab gels co-polymerized with 150 μg/ml heat-denatured type I gelatin (BioRad, Hercules, CA) as detailed previously (Steffensen et al., 1995) . Briefly, 10 μl of conditioned media or reactions were separated by electrophoresis under non-reducing conditions. The gelatin gels were then washed with 5% Triton X-100, incubated with 50 mM Tris, 200 mM NaCl, 5mM CaCl 2 , pH 7.2 overnight at 37 °C, and counterstained with Coomassie blue R-250. The activities of the 66 kDa pro, 62 kDa intermediate, and 59 kDa active forms of MMP-2, which appeared as translucent bands on a Coomassie Blue stained background, were captured in digitized images and band intensities were quantified within linear signal ranges using the Kodak 1D imaging software (Eastman Kodak, Rochester, NY).
PEX hemopexin domain of MMP-2
MMP-2ΔPEX E404A
recombinant MMP-2 E404A with deleted PEX domain
MT1-MMP membrane type 1 matrix metalloproteinase
• A 20-residue peptide from the tail of C-TIMP-2 inhibited activation of proMMP2.
• The last 9 residues of C-TIMP-2 are essential for TIMP-2 interactions with proMMP-2. HT1080 cell membrane fraction was isolated and incubated with proMMP-2 alone (No inhibitor) or in the presence of a concentration range of P175L or P175S (3.7 -100 μM). The reactions were analyzed by gelatin zymography (Panel A). Latent (66 kDa), intermediate (62 kDa) and active form of MMP-2 (59 kDa) were detected, and proMMP-2 was measured by densitometric analysis of digitized gels as a reflection of the inhibitory effects of the peptides on proMMP-2 activation. The analysis (Panel B) demonstrated that P175L could inhibit activation of proMMP-2 in a concentration dependent manner, whereas P175S had no effects on the activation. One representative experiment is shown and results were confirmed in repeated experiments.
